Estimating left ventricular offset volume using dual-frequency conductance catheters. J. Appl. Physiol. 63( 2): 872-876, 1987.-The measurement of left ventricular volume by the conductance-catheter technique has many advantages, but it is difficult to determine absolute volumes with this method. Current procedure requires that a bolus of concentrated hypertonic saline be injected to measure absolute volume. It also demands that the subject be in a steady state and that measurements only be made at discrete intervals. The saline bolus may affect the cardiovascular state of the subject. This paper describes a new technique for estimating absolute volume utilizing the conductance catheter that relies on the different frequency responses of blood and muscle. Good correlation between the salt-injection method and the dual-frequency method was found in nine closed-chest pigs anesthetized with pentobarbital sodium (r = 0.922). Further refinements may extend the utility of the dual-frequency approach.
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Estimating left ventricular offset volume using dual-frequency conductance catheters. J. Appl. Physiol. 63( 2): 872-876, 1987.-The measurement of left ventricular volume by the conductance-catheter technique has many advantages, but it is difficult to determine absolute volumes with this method. Current procedure requires that a bolus of concentrated hypertonic saline be injected to measure absolute volume. It also demands that the subject be in a steady state and that measurements only be made at discrete intervals. The saline bolus may affect the cardiovascular state of the subject. This paper describes a new technique for estimating absolute volume utilizing the conductance catheter that relies on the different frequency responses of blood and muscle. Good correlation between the salt-injection method and the dual-frequency method was found in nine closed-chest pigs anesthetized with pentobarbital sodium (r = 0.922). Further refinements may extend the utility of the dual-frequency approach. resistivity; impedance; admittance; swine THE CONDUCTANCE-CATHETER TECHNIQUE for measuring ventricular volumes, originally developed by Baan et al. (l) , has achieved increasingly widespread use. An insulated catheter with several electrodes evenly spaced near its tip is placed in the left ventricle. A steady alternating current is passed between an electrode at the apex of the ventricle and an electrode just below the aortic valve, and the resulting voltages are measured from intervening electrodes. By measuring the conductance of arterial blood in an external cell, the volume of the ventricle can thus be accurately estimated. The formula for determining the volume is as follows where V is left ventricular volume (output of catheter, in ml); 6 is conductivity of blood (in l/( Q. cm)) measured separately; L is distance between electrodes (in cm); G is sum of the conductances of all segments located between pairs of sensing electrodes. The conductance between a pair of electrodes is the root-mean square value of the imposed current divided by the root-mean square value of the voltage difference between two adjacent electrodes. This method can deliver high-fidelity, continuous readings of ventricular volumes from a single ventricular catheter and has been extensively validated in both isolated hearts and in intact animals (Z-4).
The main drawback to the method is in quantifying 872 the amount of current that leaks out of the ventricular chamber into the ventricular wall and surrounding tissues. The conductance parallel to the blood within the ventricular chamber results in a constant offset volume in the conductance catheter signal. The offset volume is a virtual volume added to the true volume. The offset volume can be estimated by injections of glucose or hypertonic saline solutions, which transiently change the conductivity of the blood in the ventricle. The amount is not critical as long as the conductivity in the entire ventricular cavity is changed strongly enough to perturb the volume signal of the conductance-catheter system. Hypertonic saline is better than glucose because the percent change in conductivity over blood can be much greater. If one plots end-systolic vs. end-diastolic volumes during a transient change in conductivity of blood in the ventricle, one obtains a linear relationship (Fig.  1) . Extrapolating to the point at which end-systolic volume equals end-diastolic volume yields the point at which blood conductivity would be zero. Hence, all the current would go through the parallel structures. This point identifies the offset volume.
This technique of estimating the offset volume has been validated, but it has distinct disadvantages. Typically, three or more measurements must be taken and averaged, and left ventricular performance must be in a steady state during this time. Under certain circumstances the injection of hypertonic saline boluses could affect the cardiovascular system. It would be particularly useful to be able to measure offset volume continuously and without performing any interventions.
In this paper we describe a method of offset volume measurement that exploits the difference in conductivity of muscle and blood at different frequencies.
Blood has essentially a constant conductivity over the range of frequencies from 2 to 100 kHz (6). In contrast, muscle is far more conductive at frequencies above than below 12 kHz when the current is applied in a direction normal to the fiber direction (7). This is caused by muscle fiber membranes perpendicular to the current flow acting as capacitors in series. In principle, the change in endsystolic conductance as frequency is raised above 12 kHz could be used to quantify the amount of current that passes through the ventricular wall. hand, if the higher frequency volume waveform showed a significantly higher end-systolic volume compared with the low-frequency one, this would indicate that some of the current at end systole was passing through muscle tissue. It is important to note that only the change in the minimum of the volume signal can be used. Since the estimate of stroke volume is unchanged at different frequencies, the change in the volume signal with frequency at any other point will be a function of the magnitude of the stroke volume, which would make accurate estimation of offset volume impossible.
By recording the output of a conductance-catheter system at frequencies removed from the transition point of 12 kHz, we can essentially ignore the phase shifts caused by the capacitance of the muscle fiber membranes. The volume output of a conductance-catheter system is a direct function of the sum of the total measured conductances. The following equations are descriptive of the system
where GToT is the total conductance at either the high or the low frequency, GoFF is the offset conductance, and GvENT is the conductance due to the blood in the ventricle-GVENT does not depend on frequency. As frequency increases, we measure a higher level of conductance
Rearranging these equations and solving, we get
Thus the offset volume as a percent of end-systolic volume is equal to the percent rise in recorded endsystolic volume with frequency times a constant. The orientation of muscle fibers in the ventricle is quite complex, with some of the fibers oriented in complex spirals and loops. An analytic solution to the pattern of current flow for this geometry is not possible. Therefore, this relationship would have to be determined by measurements made in vivo. We have exploited this relationship to yield rapid, sequential measurement of offset volume without risk of physiological distortion.
METHODS
Nine domestic pigs, aged 6-8 wk and weighing between 27 and 32 kg were premeditated with ketamine (25 mg/ kg) and maintained on pentobarbital sodium as required. The animals were tracheotomized and ventilated with a Harvard constant-volume respirator. Blood gases were maintained in the range pH 7.35-7.42. The left common carotid artery was exposed and used to introduce a conductance catheter (Webster Labs) into the left ventricle. The tip of the catheter was placed in the apex, and the most proximal electrode was at the level of the aortic valve just inside the left ventricle. Position of the catheter was verified under fluoroscopy.
A conductance-catheter system was constructed capable of operating simultaneously at 3.3 and 33 kHz. A block diagram of the system is given in Fig. 2 . The system was calibrated by using a series of 1% tolerance resistors. Linearity over the range of conductances found in the study was better than 0.5%.
Each animal was allowed to stabilize for 1 h before data were collected. The respirator was stopped in expiration, data were recorded for 5 s (4 electrode pairs at 3.3 and 33 kHz each), and the respirator was turned back on. This was repeated twice more. For each animal, three bolus injections of 2 ml saturated NaCl solution were made for computation of offset volume by conventional means using the 3.3-kHz sections. The respirator was stopped in expiration for all measurements of offset volume. These two different sets of three measurements each were interdigitated, so as to minimize the effects of any drift in stroke or end-systolic volume. Finally, the depth of anesthesia was increased with pentobarbital sodium, and the animal was killed with saturated potassium chloride solution and pneumothorax.
RESULTS
A plot of the output of an electrode pair with a conductance catheter placed in several different-sized glass containers filled with heparinized blood at 39°C shows placed in different-sized glass containers filled with heparinized blood at 39OC. High-frequency measurements (uerticaZ uxis) were made at 33 kHz, and low-frequency measurements (horizontal ax&) were made at 3.3 kHz. r > 0.999 for this and all other segments. Containers were, from left to right, a l,OOO-ml beaker, a 400-ml beaker, a 250-ml graduated cylinder, a 50-ml test tube, and a lo-ml test tube.
no frequency effects (Fig. 3) , confirming lack of frequency dependence in nonconducting containers. Sample continuous left ventricular volumes obtained with the two different frequencies are shown in Fig. 4 . The three sets of measurements made for all variables for each of the nine animals were averaged before performing any further analysis. There was no detectable difference in either end-systolic or stroke volumes over the three measurements made for each animal. The stroke volume determined at 3.3 kHz was 12.21 t 0.65 ml and 12.00 t 0.63 ml at 33 kHz. This was not signifi- constant, as determined by the regression line in Fig. 5 , was found to be 7.63. A graph of offset volume determined by salt injection vs. offset volume determined by the use of dual frequencies is given in Fig. 6 .
DISCUSSION
As predicted, the system, as presently set up, shows an increase in offset volume at the higher frequency with no signi ficant changes in measu red strok e volume. Also, there is an excellent correlation between the estim ate of offset volume determined with dual frequencies and the offset volume as measured by salt injection. Refinement of this method should substantially increase the utility of the conductance-catheter technique. Variation in three measurements of change in measured volume with changing frequency was essentially zero in individual animals. There was somewhat more intraindividual scatter among the three measurements of offset volume by salt injection, with the mean standard deviation of offset volume as a percent of end-systolic volume being ~5%. This is not enough to explain the scatter in Fig. 5 . It is hypothesized that the primary source of variability for this method lies in different patterns of muscle fiber orientation in different animals.
We believe that this paper demonstrates that the dualfrequency method can reliably substitute for saline injection in the estimation of offset volume for a conductancecatheter system. This will both remove the need to periodically inject hypertonic saline and allow offset volume to be estimated under non-steady-state conditions. The principles of this device could easily be implemented into an instrument with an analog output of absolute volume in real time, which would have significantly greater utility over existing devices. This technique requires a moderately high level of precision, since the percent difference between the two frequencies is typically quite small (on the order of 5%). However, since the dual-frequency method yields an estimate that is a percent of the end-systolic volume and since the offset volume will tend to lie in a certain range, errors tend to be minimized rather than magnified.
The primary difficulty with this method is that it has still not been determined whether the specific parameters reported here for young domestic swine are the same for other mammalian species. In particular, the value of the number relating change in end-systolic conductance with frequency to offset volume as a percent of end-systolic volume may well be species dependent and may even vary with the age. Since it was beyond the scope of this paper to measure this parameter in every species of interest, it is suggested that in using this technique in other species measurement of the offset volume by the dual-frequency approach should be initially calibrated with saline injection.
